In general, the integral sliding mode control (ISMC) with an integral sliding surface would lead to tracking errors under unbalanced and harmonic grid voltage conditions. In order to eliminate tracking errors under these conditions, multi-resonant items are added to the conventional integral sliding surface in the proposed strategy, which can be called multi-resonant-based sliding mode control (MRSMC). A comparison of tracking precision on the ISMC and MRSMC is analyzed. In order to regulate the system powers directly, the errors of instantaneous active and reactive powers are selected as the state variables. Finally, the output current harmonics and a majority of the doubly-fed induction generator's (DFIG) electromagnetic torque pulsations can be removed under unbalanced and harmonic grid voltage conditions. Simulation and experimental results are presented to verify the correctness and effectiveness of the proposed strategy.
Introduction
Recently, the growing capacity of the wind power generation system has led to increasing concerns about the output power quality, and operating reliability to satisfy the demand of accessing the network [1, 2] . The most widely used wind power generation system is the doubly fed induction generator (DFIG) based wind power system, in which stator windings are directly connected to the grid. Thus, the grid conditions will affect the operational performance of the DFIG system directly. According to the standard EN50160 [3] , grid voltage supply may suffer from harmonics and little imbalances even during normal operation. Such disturbances may be even more frequent in remote regions, where wind power generation systems are usually located [4] . Many reports have indicated that unbalanced and harmonic grid voltages will introduce the harmonic components in the stator, rotor and grid side converter current, which finally leads to the distortion of the system's total currents and pulsations of the DFIG's electromagnetic torque [5, 6] . Thus, the unbalanced and harmonic grid voltage disturbance have to be considered in the control of the DFIG system.
Up to now, many improved control strategies have been proposed under unbalanced and harmonic grid voltage conditions [7] [8] [9] [10] [11] . The most popular of them were PIR-based (proportionalintegral-resonant controller,) vector control (VC). The PIR controller is comprised of the PI controller and the resonance controller, which can provide sufficiently steady-state tracking precision for corresponding AC commanded values. However, since the parameters of the controller have to be carefully tuned to provide adequate gain for both the DC component and the AC component in the synchronous reference frame, the performance of vector control depends on the accuracy of DFIG system parameters. Another drawback of PIR-based vector control is that the system stability is sensitive to system parameters [12, 13] . Thus, the performance degrades when the actual machine parameters depart from the values used in the control system. Sliding mode control (SMC), due to its insensitivity to parameter variations and disturbances [14] , has been considered to be another available method in DFIG control [15] [16] [17] [18] . In [15] [16] [17] [18] [19] , the SMC strategy was introduced for optimum power curve tracking, grid synchronization or power control of the DFIG system. It can be concluded that the SMC strategy can successfully deal with the random nature of wind speed, model uncertainties and external perturbations. Furthermore, in [20] [21] [22] [23] , SMC strategies were adapted under less than ideal grid voltage conditions. In order to remove the pulsations of the DFIG's torque and stator active/reactive power with unbalanced grid voltage, reference [21] proposed the integral sliding mode direct torque control (ISMC-DTC). This control strategy required two controllers: (1) the integral sliding mode controller (ISMC), which could regulate the positive-sequence of torque and reactive power; (2) the integral controller, which could regulate the negative-sequence of torque and reactive power. Reference [22] proposed an ISMC-based DPC strategy for a DFIG system under unbalanced grid voltage conditions, in which both the average power and compensation power pulsating at the frequency of 2ω could be regulated by ISMC. Finally, three selective control targets, viz., sinusoidal and symmetrical stator current, steady reactive power and steady active power, and removing the electromagnetic torque pulsations can be achieved. Reference [23] proposed the ISMC-based DPC under both unbalanced and harmonically distorted grid voltage conditions, in which the pulsations of active power and reactive power were suppressed. However, the variable switching frequency in [23] may inject broadband harmonics into the grid, and complicate the design of the AC filter. Under unbalanced or harmonic distorted voltage conditions, the power commands will contain both DC and AC components for additional control targets. In [24] , it was pointed out that ISMC has limited effect to suppress the tracking error for the AC tracking system. It implies that the tracking errors may exist in the DFIG's ISMC system under less than ideal grid voltage conditions in [22, 23] . For removing the tracking errors, reference [24] presented a multi-resonant based sliding mode control (MRSMC) scheme for a single-phase grid connected voltage source inverter, and the suppression of the current's total harmonic distortion (THD) was achieved.
In order to eliminate the tracking errors under unbalanced and harmonic distorted grid voltage conditions, this paper presents a MRSMC strategy for a DFIG-based wind power system. In this strategy, multi-resonant items are added to the conventional integral sliding surface to provide sufficient tracking precision on ac references. Thus, the system total current harmonics and most part of the DFIG's electromagnetic torque pulsations can be removed. The tracking behavior of ISMC and MRSMC for the DFIG system under unbalanced and harmonic distorted grid voltages is analyzed in this paper. And the proposed strategy is implemented in the αβ frame, the PLL can be avoided. The rest part of the paper is organized as follows. In Section 2, gives dynamic behavior of DFIG system in the αβ frame, and deals with sliding model control of a DFIG system. In Section 3, the comparison and analysis on the ISMC and MRSMC are given. In Section 4, some detailed simulation results are carried out to validate the validity of the control strategy. In Section 5, gives some conclusions. Figure 1 shows the schematic diagram of the DFIG-based wind power system, in which the grid-side converter (GSC) is to provide the stable DC link voltage and limited reactive power, and the rotor-side converter (RSC) is connected to the DFIG's rotor winding to regulate the active and reactive power output of DFIG. Under unbalanced and distorted grid voltage conditions, the fundamental, the unbalanced, and the 5− and 7+ harmonics are taken into consideration in this paper. The control strategy is designed in the αβ frame to avoid the need of PLL. 
Sliding Mode Control Law of the DFIG System

Sliding Mode Control of DFIG (RSC)
The DFIG equivalent circuit in the αβ frame is shown in Figure 2 . 
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sk ri
where k rs is the integral coefficient related to dc error elimination; k ri (i = 2, 6) is the resonant coefficient related to ac error elimination; ε c is related to cutoff frequency and inserted into the resonant part to increase its frequency bandwidth. It should be pointed out that, due to the most parts of disturbance d r are the AC components at the frequencies of 2ω and 6ω, the added resonant regulators are tuned at the frequencies of 2ω and 6ω. According to the condition of the equivalent control, viz. dS r /dt = 0, the equivalent controls, which provide sufficient regulation under ideal conditions, are derived as
When disturbances arise, the system will drift from sliding surface only with the equivalent control. The switching control must be added for disturbance rejection. To weaken the chattering phenomenon, the sign functions is replaced by saturation functions sat() in this paper. Consequently, the switching controls are
where, k ru = [k ru1 0; 0 k ru2 ]; k ru1 and k ru2 are positive control gains; λ is the width of boundary layer in RSC. Finally, the voltages to be applied to the rotor winding are v r (x r , t) = u req + ∆u r (8)
Sliding Mode Control of GSC
The circuit scheme of GSC is shown as Figure 3 . Similar to RSC, in order to control the active power and reactive power directly, let us define the state variables of the GSC x ge = [x gep x geq ] T as
where,
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The circuit scheme of GSC is shown as Figure 3 . Similar to RSC, in order to control the active power and reactive power directly, let us define the state variables of the GSC xge = [xgep xgeq] T as
where Thus, according to the mathematical model, the behavior of the GSC is described as Thus, according to the mathematical model, the behavior of the GSC is described as
where, f g is the known disturbance; d g is the unknown disturbance pulsating at the frequencies of 2ω and 6ω. The method followed is similar to that described in Section 2.2. Thereby, the GSC's sliding surfaces S g = [S gp S gq ] T are defined as following
sk gi
where k gs is the integral coefficient; k gi (i = 2, 6) is the resonant coefficient; ε c is related to cutoff frequency. According to the condition of the equivalent control, viz. dS g /dt = 0, the equivalent controls of GSC are derived as
According to control law, the switching controls of GSC are
where, k gu = [k gu1 0; 0 k gu2 ]; k gu1 and k gu2 are positive control gains in GSC.
Then the voltages to be applied to GSC are
Analysis of MRSMC Strategy
Stability and Robustness
In sliding mode control design, a Lyapunov approach is usually used for deriving conditions on the control law that will drive the state orbit to the equilibrium manifold. The quadratic Lyapunov function is selected as
The time derivative of W r and W g on the state trajectories of (16) is given by
For stability to the sliding surfaces, it is sufficient to have dW j /dt (j = r or g). Outside the boundary layer of the sliding surface, the saturation functions of S r /S g are equal to their sign functions. In this condition, it is worth noting that if the positive control gains fulfill the following condition, viz.,
The time derivative of Lyapunov function dW j /dt (j = r or g) is definitely negative, which means that the system state moves asymptotically toward to the sliding surface outside the boundary layer. Hence, the system features strong robustness and is insensitive to variations of system parameters and external disturbances outside the boundary layer.
Inside the boundary layer of the sliding surface, if time derivative of Lyapunov function dW j /dt (j = r or g) is definitely negative, it is sufficient to have
It can be seen that the validity of (19) is affected by the forms of sliding surface S j (j = r or g) and disturbance dj (j = r or g). The sliding surface of the MRSMC system is different from that in the ISMC system. And the unbalanced, 5− and 7+ harmonics distorted grid voltages will introduce the disturbances dj (j = r or g). The stability and tracking behavior of MRSMC and ISMC strategy with disturbances dj (j = r or g) will be investigated in Section 3.2.
Tracking Behavior with Distorted Grid
The unbalanced, 5− and 7+ harmonics distorted grid voltages will introduce disturbance dj (j = r or g) into the DFIG control system, which mostly contains the ac components at the frequencies of 2ω and 6ω. If the voltages applied to the rotor and GSC are according to (8) and (15), the sliding surfaces functions with disturbance dj (j = r or g) are
The system described as (20) contains the saturation functions, and is a nonlinear system. In order to investigate the system dynamical behavior, the phase plane trajectory is adopted. Figure 4 shows the phase plane trajectories with dc disturbance and ac disturbances at the frequencies of 2ω and 6ω. It should be pointed out that, if the resonant coefficients k ri and k gi (i = 2, 6) are zero, the control strategy will be the ISMC strategy. Thus, Figure 4a In Figure 4a , outside the boundary layer λ r , the S rp moves toward to the boundary layer with the dc disturbance or ac disturbances d r , whereas inside the boundary layer, due to the integral action, the S rp achieves the origin only with the DC disturbance. With the ac disturbances, the S rp deviates from the origin, which means that it exists steady state errors with the ac disturbances. Thus, the ISMC strategy will degrade the system operation performance under unbalanced, 5− and 7+ harmonics distorted grid voltage conditions. In Figure 4b , outside the boundary layer, the S rp moves toward to the boundary layer regardless of disturbances. Inside the boundary layer, with the integral action and resonant action, the S rp achieves the origin regardless of the dc or ac disturbances, which means the steady state errors can be removed with the MRSMC. Thus, the MRSMC strategy features rejection on disturbances, and is insensitive to the distorted grid voltage. The analysis on phase plane trajectories of x geq , x geq and x req are similar as x req , which points out the similar conclusion.
In order to analyze the tracking precision on dc and ac references with ISMC and MRSMC, the phase plane trajectory with different tracking references were investigated. According to control laws and the DFIG and GSC's equivalent circuits, the relationships of tracking references x * j (j = r or g) and tracking error x je (j = r or g) are According to (21) , the phase plane trajectory of xgep with ISMC and MRSMC are shown as Figures 5a,b. Under unbalanced and 5− harmonics and 7+ harmonics distorted grid voltage conditions, the tracking references will contain the ac components at the frequencies of 2ω and 6ω. Thus, Figure 5 shows the phase plane trajectories with the DC reference and AC references at the frequencies of 2ω and 6ω.
Outside the boundary layer, in both Figure 5a ,b, the xgep moves toward to the boundary layer regardless of the dc reference and ac references. Inside the boundary layer, the xgep deviates from the origin with the ac disturbances in Figure 5a . However, the xgep achieves the origin with the ac disturbances in Figure 5b . It implies that with the ISMC strategy, it will exist steady state errors under unbalanced, 5− harmonics and 7+ harmonics distorted grid voltage conditions. However, the accurate tracking on both dc and ac references at the frequencies of 2ω and 6ω of the proposed MRSMC strategy is verified. The analysis on phase plane trajectories of xgeq, xrep and xgeq are similar as xgep, which points out the similar conclusion. According to (21) , the phase plane trajectory of x gep with ISMC and MRSMC are shown as Figure 5a ,b. Under unbalanced and 5− harmonics and 7+ harmonics distorted grid voltage conditions, the tracking references will contain the ac components at the frequencies of 2ω and 6ω. Thus, Figure 5 shows the phase plane trajectories with the DC reference and AC references at the frequencies of 2ω and 6ω.
Outside the boundary layer, in both Figure 5a ,b, the x gep moves toward to the boundary layer regardless of the dc reference and ac references. Inside the boundary layer, the x gep deviates from the origin with the ac disturbances in Figure 5a . However, the x gep achieves the origin with the ac disturbances in Figure 5b . It implies that with the ISMC strategy, it will exist steady state errors under unbalanced, 5− harmonics and 7+ harmonics distorted grid voltage conditions. However, the accurate tracking on both dc and ac references at the frequencies of 2ω and 6ω of the proposed MRSMC strategy is verified. The analysis on phase plane trajectories of x geq , x rep and x geq are similar as x gep , which points out the similar conclusion. 
System Implementation
Active and Reactive Power References
Under unbalanced and distorted grid voltage conditions, not only the system total current will be distorted, but also the system power, DFIG torque and dc-link voltage will pulsate. To satisfy the demand of accessing network, the system total currents must be sinusoidal. Both the target of RSC and GSC are set to eliminate currents' unbalanced and harmonic components. Thus, the references of stator active and reactive power P 
where, Pecom and Qecom represent the commands of the GSC average active and reactive power. 
System Implementation
Active and Reactive Power References
Under unbalanced and distorted grid voltage conditions, not only the system total current will be distorted, but also the system power, DFIG torque and dc-link voltage will pulsate. To satisfy the demand of accessing network, the system total currents must be sinusoidal. Both the target of RSC and GSC are set to eliminate currents' unbalanced and harmonic components. Thus, the references of stator active and reactive power P * s , Q * s are derived as
where U 2 + = u 2 gβ+ + u 2 gα+ ; P ecom , Q ecom are the commands of stator average active and reactive power. Similarly, the references of GSC active and reactive power P * g , Q * g are
where, P ecom and Q ecom represent the commands of the GSC average active and reactive power. Figure 6 shows the schematic diagram of the proposed MRSMC strategy for a DFIG system. The dc-link voltage was controlled by a PI controller in GSC, which produces the command of the GSC average active power P gcom . As shown, the active and reactive powers in both RSC and GSC were regulated by the developed MRSMC in the αβ frame. It should be noted that the control strategy does not require any synchronous coordinate transformations as well as angular information of grid voltage.
MRSMC System Implementation
However, it can be seen from (23) that the fundamental grid voltage is necessitated. This paper is to delay the input signal by a quarter of the fundamental frequency period T 1 [8] as follows
(26) Figure 7 shows experimental results of the T 1/4 delay technique, in which the grid voltage was ideal before t 0 and contained 6.13% unbalanced, 3.5% 5− and 2.6% 7+ harmonic voltage. From the results, the fundamental voltage was separated from the distorted grid voltage within 0.005 s, which validated the effectiveness of the T 1/4 delay technique.
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FFT Result
ISMC MRSMC THD of itabc 9.71% 3.14% 5th harmonics of itabc 6.53% 0.65% 7th harmonics of itabc 6.50% 0.64% Figure 8 . Simulation results of the MRSMC and ISMC for a DFIG system under distorted grid voltage. Figure 9 shows the simulation results of the MRSMC strategy for a DFIG wind power system. In this fig, the grid voltage was ideal before 0.1 s and distorted after 0.1 s. It can be seen that, when the grid voltage harmonics appeared suddenly, the system achieved steady status quickly. 
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Experimental Results
In order to verify the performance of the proposed strategy further, experimental tests on a 1 kW DFIG system were performed. Figure 12 schematically shows the tested rig. The DFIG is driven by a squirrel-cage induction machine as the wind turbine. Both the GSC and RSC were controlled by a TM320F28335 digital signal processor. Table 3 shows the system parameters. The Chroma 61,704 programmable three-phase voltage source is set up to simulate the unbalanced and harmonic distorted power grid. It was found during the tests that there exhibited the unbalanced, 5− and 7+ harmonics in the three-phase voltage source detected being around 3.14%, 4.34% and 2.29%, respectively. During the experiment validation, the rotor speed was set to 800 r/min. In Figure 13 
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In order to verify the performance of the proposed strategy further, experimental tests on a 1 kW DFIG system were performed. Figure 12 schematically shows the tested rig. The DFIG is driven by a squirrel-cage induction machine as the wind turbine. Both the GSC and RSC were controlled by a TM320F28335 digital signal processor. Table 3 shows the system parameters. The Chroma 61,704 programmable three-phase voltage source is set up to simulate the unbalanced and harmonic distorted power grid. It was found during the tests that there exhibited the unbalanced, 5− and 7+ harmonics in the three-phase voltage source detected being around 3.14%, 4.34% and 2.29%, respectively. During the experiment validation, the rotor speed was set to 800 r/min. In Figure 13 Figures 13 and 14 show the experimental result of the DFIG wind power system with ISMC and MRSMC, respectively. The current harmonics and torque pulsations are shown in Table 4 . As listed in the Table 4 , with the control of ISMC, the severely distorted total current would be produced, i.e., 27.7% unbalanced component, 10.56% 5th and 3.58% 7th harmonics; the electromagnetic torque pulsations would be 0.27 N·m. Therefore, it can be found out that the DFIG operation performance would be severely degraded with ISMC under distorted grid voltage condition. Whereas, with the control of MRSMC, the unbalanced, 5th and 7th harmonics components of system total current would be reduced to 3.81%, 2.42% and 0.24%, respectively; the electromagnetic torque pulsations would be reduced to 0.096 N·m. Thus, it can be validated that, with the MRSMC, the suppression of total current harmonics and electromagnetic torque pulsations would be better than that with conventional ISMC, under distorted grid voltage conditions.
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FFT Result
Figure 8 Figure 14 show the experimental result of the DFIG wind power system with ISMC and MRSMC, respectively. The current harmonics and torque pulsations are shown in Table 4 . As listed in the Table 4 , with the control of ISMC, the severely distorted total current would be produced, i.e., 27.7% unbalanced component, 10.56% 5th and 3.58% 7th harmonics; the electromagnetic torque pulsations would be 0.27 N·m. Therefore, it can be found out that the DFIG operation performance would be severely degraded with ISMC under distorted grid voltage condition. Whereas, with the control of MRSMC, the unbalanced, 5th and 7th harmonics components of system total current would be reduced to 3.81%, 2.42% and 0.24%, respectively; the electromagnetic torque pulsations would be reduced to 0.096 N·m. Thus, it can be validated that, with the MRSMC, the suppression of total current harmonics and electromagnetic torque pulsations would be better than that with conventional ISMC, under distorted grid voltage conditions. Figure 13 ; Figure 14 .
Figure 8 Figure 15 shows the experimental results of the MRSMC strategy with active power command change suddenly. In this fig, the total active power command was changed from −0.75 pu to 0.0 pu at t1. It can be seen, the total currents were sinusoidal and the DFIG torque was stable, even at the moment of total active power command change, and the active power followed the command within 0.05 s. It can be validated the satisfactory dynamic of the control system.
Conclusions
In this paper, the difficulty to reduce the impact of the unbalanced and harmonic distorted grid voltage on the DFIG system by using the conventional integral sliding mode control was proven. Then, multi-resonant items were added to the conventional integral sliding surface, and a multi-resonant-based sliding mode control (MRSMC) strategy for the DFIG-based wind power system was proposed. Not only the rejection on the unbalanced 5th and 7th harmonic grid voltages, but also the accurate tracking on both DC and AC references at the frequencies of 2ω and 6ω of the proposed MRSMC strategy were verified by the phase plane trajectory. To remove the harmonics of the system's total current and the majority of the DFIG's electromagnetic torque pulsations under unbalanced and harmonic distorted grid voltage conditions, the active power and reactive power commands in both RSC and GSC were given. Finally, with the control of MRSMC, the operating reliability and system total current quality of the DFIG wind power system were enhanced. The simulation and experimental results validated the effectiveness of the proposed MRSMC strategy for a DFIG wind power system. 
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Abbreviations ug, ig
GSC output voltage and current vectors.
ur, ir, is
Rotor voltage and current vectors, stator current vectors. 
ω, ωr
Grid and rotor angular frequencies.
Pe, Ps, Qs
Electromagnetic power, stator output active and reactive powers.
Pg, Qg
GSC output active and reactive powers.
Ls, Lr, Lm
Stator, rotor self-inductances, mutual inductance.
Rs, Rr
Stator, rotor resistances. Figure 15 shows the experimental results of the MRSMC strategy with active power command change suddenly. In this fig, the total active power command was changed from −0.75 pu to 0.0 pu at t 1 . It can be seen, the total currents were sinusoidal and the DFIG torque was stable, even at the moment of total active power command change, and the active power followed the command within 0.05 s. It can be validated the satisfactory dynamic of the control system.
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